ABSTRACT: The present study describes the seasonal distribution and abundance of brachyuran crab larvae from 5 families in lower Glacier Bay (SE Alaska, USA), and is one of the few field studies describing the entire pelagic phase of brachyuran larvae in Alaska. The larvae of most brachyuran species in Glacier Bay exhibited a highly seasonal pattern of abundance, which when first observed coincided with the onset of oceanographic conditions favorable to survival (high water temperature and abundant food supply). During May, larval abundance of Cancer magister increased by 63% relative to the first sampling date, that of C. oregonensis by 92%, Fabia subquadrata by 69%, Pugettia spp. by 73%, and Majidae by 77%. The seasonal timing and larval duration of C. magister and 4 other species in Glacier Bay were compared with the same species at lower latitudes to substantiate the hypothesis that larval release time and duration are later and longer, respectively, with increasing latitude. The initial occurrence of zoeae is delayed by 3 to 4 mo relative to published release times in California, Oregon and Washington for these species. Further, the pelagic larval duration for C. magister is approximately 30 d longer in SE Alaska than published larval durations in lower latitudes, suggesting that both these phenomena are a function of the cool water temperatures found in the former region.
INTRODUCTION
Like many adult marine invertebrates with limited ranges of movement, brachyurans exhibit broadcast reproductive strategies that constitute the majority of their dispersal phase. After brooding eggs beneath their abdomen, they release planktotrophic larvae that spend months in the plankton before metamorphosing and settling to the bottom as juveniles. Most studies of population dynamics, recruitment patterns and settlement timing of brachyuran larvae in the NE Pacific have focused on the commercially important species Cancer magister from California (Reilly 1983) , Oregon (Lough 1974) , Washington (Stevens & Armstrong 1984) and British Columbia (Jamieson & Phillips 1988 , Jamieson et al. 1989 , Jamieson & Armstrong 1991 , McConnaughey et al. 1992 , Dinnel et al. 1993 . Studies conducted on the pelagic larval phase of C. magister suggest that the timing of larval release and the pelagic larval duration generally vary with latitude. Along the outer coast of California, Oregon and Washington, larval timing and duration are similar; larvae occur in the plankton from mid-January to May/June, translating to a larval duration of approximately 120 d. In the Georgia, Haro and Rosario Strait complex (GHRS) of British Columbia, larvae are most abundant in the plankton from March to August, translating to a larval duration of approximately 150 d (Jamieson & Phillips 1988) . As C. magister larvae develop along the outer coast, there is a shift in larval abundance with distance from shore. Early stage larvae are found in close proximity to the coastline, while late stage larvae have been found up to 200 km offshore (Lough 1976 , Reilly 1983 , Jamieson & Phillips 1988 . In the GHRS, C. magister megalopae are retained by vertical migration from outward-flowing shallow water into deep inward-flowing bottom currents during the day, resulting in little to no exchange of megalopae to outer coastal areas (Jamieson & Phillips 1993) . Jamieson & Phillips (1993) partly attributed the longer development time of larvae in the GHRS to the extreme temperature fluctuations encountered during these vertical migrations.
Few studies have been conducted on the temporal distribution of decapod larvae in Alaska (Incze et al. 1987 , Park & Shirley 2005 , despite the commercial importance of many species in this area, including the Dungeness crab Cancer magister, the red king crab Paralithodes camtschatica and the Tanner crab Chionoecetes bairdi. No studies have been conducted on non-commercially important species. From monthly samples, Park & Shirley (2005) reported the seasonal timing of 3 cancrid species in SE Alaska for part of their pelagic larval duration (4 mo), but no study has documented the entire pelagic phase.
Estimates of larval duration in nature have been inferred from laboratory studies and/or field studies with coarse temporal resolution; however, these approaches have inherent problems with accuracy and precision, respectively. Laboratory estimates of larval duration are known to be shorter, on average, than estimates based on field observations (Lough 1976 , Reilly 1983 , Sulkin & McKeen 1994 , presumably because larvae reared in the laboratory experience conditions more favorable to survival (e.g. absence of predators, increased temperature and supplemented food resources). Field studies of larval duration in the NE Pacific have been made at sampling intervals of 1 mo (Lough 1976 , Reilly 1983 , Park & Shirley 2005 , resulting in an uncertainty of ca. ± 30 d. To accurately and precisely estimate the time that larvae are in the water column, and to estimate the time needed for individual larval stages to develop, field sampling with a temporal resolution finer than 1 mo is necessary.
From plankton samples collected weekly, the present study describes the temporal distribution and abundance of brachyuran larvae in lower Glacier Bay, a high-latitude fjord in SE Alaska. This is one of the few field studies describing the entire pelagic phase of brachyuran larvae in Alaska (see Incze et al. 1987 for Chionoecetes bairdi and C. opilio), and the only study with a temporal resolution of <1 mo. Furthermore, the seasonal timing and larval duration of Cancer magister (because of the commercial importance and previous studies conducted on this species) and 4 other species observed in Glacier Bay were compared to those of the same species at lower latitudes, to substantiate the hypothesis that the timing of larval release and larval duration of brachyuran crabs are later and longer, respectively, with increasing latitude.
MATERIALS AND METHODS
Study site. Glacier Bay is a rapidly de-glaciating fjord in SE Alaska, approximately 100 km long from the entrance sill (30 m depth) to its northern reaches, and varying in width from approximately 15 to 4 km at its narrowest point in Sitakaday Narrows (Fig. 1) . There is significant freshwater input, mainly from runoff and glacial meltwater in the upper bay, which contributes to a net down-bay flow of water. The mixed semi-diurnal average tidal range is approximately 3.7 m at Bartlett Cove in the lower bay and 4.2 m in upper bay locations. Oceanographic research in Glacier Bay by the United States Geological Survey (USGS) from 1993 to 2002 has shown that Glacier Bay sustains high primary productivity (chlorophyll a levels) from May to October (Fig. 2) (Etherington et al. 2004) .
Plankton sampling. Plankton samples were collected approximately weekly during the day (n = 22 sampling days) using discrete depth and surface tows from a 9.6 m vessel from April 26 to October 5, 2002. Discrete depth tows were conducted using a General Oceanics double-trip opening and closing mechanism with 0.5 m diameter ring nets fitted with 500 µm mesh ) for surface tows. Within each tide cycle (ebb and flood), 3 sites were sampled in Sitakaday Narrows (west, middle, east) (Fig. 1) . These sites were located in water of approximately 50 m depth and were systematically chosen to represent a spatial distribution across the Narrows. I sampled 3 discrete depths at each site, resulting in a total of 18 samples per sampling outing and 395 samples in all. Depths were initially chosen systematically to represent areas of potential vertical flow differences such as benthic boundary layers and areas of potential water stratification (surface, midwater and bottom). Due to logistical constraints (e.g. small vessel size, limited net retrieval system and strong current speeds encountered in the Narrows), the greatest depth that could be consistently sampled was 30 m, which was not influenced by the benthic boundary layer. Therefore, the surface, midwater and bottom tows were located at water depths of 0.5, 10, and 30 m, respectively. All depths, sites and tides were averaged for ease of presentation (see Fisher 2005 for information on horizontal and vertical distributions and ebb/flood differences).
Sample processing. Each sample was preserved in a buffered 4% formalin solution in seawater. Based on the abundance of larvae and zooplankton present, samples were split using a Folsom plankton splitter in the laboratory, and all densities were standardized to a constant volume (no. of larvae 100 m -3 ). The presence or absence and relative abundance of zooplankton and anomuran larvae was qualitatively noted. All brachyuran larvae were picked out by hand using a dissecting microscope (10× to 40×) and identified to stage and species whenever possible using a variety of larval keys (Hart 1935 , 1960 , Knudsen 1959 , Kurata 1963 , Poole 1966 , Trask 1969 , Lough 1974 , Ally 1975 , Haynes 1981 , Iwata & Konishi 1981 , Debrosse et al. 1990a . If larvae could not be identified to species, they were identified to genus or family.
Within the family Majidae, 3 species (Hyas lyratus, Oregonia gracilis and Chionoecetes bairdi ) have zoeal stages that are difficult to separate morphologically; therefore, these zoeae were treated collectively as Majidae. Megalopae of C. bairdi were conspicuous and easily distinguishable by numerous carapace and rostral spines, and H. lyratus and O. gracilis megalopae were distinguishable by the presence or absence of lateral carapace spines. However, these lateral carapace spines are easily damaged and could have been missed during identification. Therefore, H. lyratus and O. gracilis megalopae were pooled. The species grouping Pugettia spp. possibly included both P. gracilis and P. producta, because it was difficult to separate these species using external morphological features. Nevertheless, it was likely that the larvae observed were P. gracilis, since P. gracilis adults have been observed in Glacier Bay and P. producta adults have not. The published northern limit of P. producta is Prince of Wales Island, Alaska, 600 km to the south, but this species has been observed off Chichagof Island, 20 km to the south of Glacier Bay (O'Clair & O'Clair 1998, Donnellan, National Park Service, pers obs.). Pinnixa spp. was most probably P. littoralis or P. occidentalis. P. littoralis is generally found as a symbiont in bivalves, which are abundant in Glacier Bay, but its presence in the bay would be beyond the published northern range of Sitka, Alaska. However, P. occidentalis inhabits the spoonworm Echiurus echiurus alaskanus, which is widely distributed throughout Glacier Bay (Sharman et al. 2003) .
Larval duration. For comparison with previous studies, larval duration was recorded in 2 ways: development time for the zoeal stages and development time for the entire pelagic phase (from larval release through the megalopal stage). The development time for the zoeal stages was recorded as the time from which the Stage I zoeae were first observed in the plankton to the time that the megalopae were first observed. Larval development time for the entire pelagic phase was recorded as the average time between the minimum and maximum duration, with the minimum duration equal to the development time for the zoeal stages, and the maximum duration comprising the time from which Stage I zoeae were first observed in the plankton to the time that the last megalopa was observed. Reilly (1983) defined larval duration for the entire pelagic phase as the period from the first collection of Stage I zoeae to the time postlarvae were first collected from the benthos. I assumed Reilly's (1983) estimate of development time to be longer than my estimate for the entire pelagic phase, since I did not monitor the time to metamorphosis and settlement of postlarvae to the benthos. Lough (1974) apparently estimated larval duration as the time from the peak occurrence of Stage I zoeae to the time that megalopae were generally absent from the plankton, which was comparable to my estimate for the entire pelagic phase. Both Lough (1974) and Reilly (1983) sampled at approximately monthly intervals, resulting in an approximate uncertainty of ± 30 d.
RESULTS

Species abundance and temporal distribution
In 395 plankton samples, larval stages of 12 species were observed, representing 5 families of brachyuran crabs (Table 1) . Of these, 6 species/species groups were abundant enough for analysis, and they exhibited a strong seasonal pattern in larval abundance, with a rapid increase of first stage zoeae occurring in May (Figs. 3 to 5 ). For these species, the peak abundances of subsequent zoeal stages occurred sequentially and diminished over time, and the megalopae of most species were largely absent from the plankton at the end of the sampling season in early October (Figs. 3 to 5) .
With the exception of Telmessus cheiragonus and the Majidae group, Stage I zoeae of most species were present in the plankton for approximately 12 to 16 wk. This protracted period that Stage I larvae were in the water column, coupled with multiple peaks of Stage I zoeae of Cancer magister, indicated nonsynchronous release and/or the possibility of 4 zoeae 1 megalopa multiple cohorts. T. cheiragonus and the group Majidae Stage I zoeae were already present in the plankton in relatively large numbers at the onset of sampling, so the minimum estimated time that first stage larvae were present in the plankton was approximately 4 wk.
Family Cancridae
Cancer oregonensis were the most abundant larvae observed, comprising 69% of the total (Table 1) . Abundance peaked on June 24 with a mean density of 1085 Stage I zoeae 100 m -3 and a maximum density of 5218 zoeae 100 m -3 (Fig. 3) . Although the total abundance of subsequent zoeal stages was substantially lower, on July 22 the densities of Stage III and IV zoeae were similar to the maximum density observed for Stage I zoeae, indicating a possible influx of these stages from outlying areas. Megalopae were first collected on July 29, and occurred at low densities until October 4.
Three peaks in the density of Stage I Cancer magister zoeae were observed on May 11 and 31 and June 24, and 2 peaks in Zoeae Stage II on June 24 and August 22, although densities were low (<10 per 100 m 3 ), and Stage III to V zoeae were rare (< 3 per 100 m 3 ) throughout the sampling period (Fig. 3) . A single megalopa was collected on July 10, but most were collected from September 19 until sampling ended on October 5.
Zoeal stages of Cancer productus were collected in low numbers, and no Stage V zoeae were observed (Table 1) . Stage II zoeae were collected prior to Stage I, indicating that the larval hatching period was earlier than the first observation of Stage I zoeae on July 29. Furthermore, abundance of Stage I zoeae in October was similar to that in July, suggesting that the larval hatching period for C. productus may be more protracted than for the other species. Megalopae peaked in abundance over 3 subsequent dates: September 29 and October 4 and 5. C. gracilis were the least abundant larvae collected, with only 1 Stage III zoea observed (Table 1) .
Family Majidae
The Stage I zoeae of the majids Oregonia gracilis, Hyas lyratus and Chionoecetes bairdi were second highest in abundance (Table 1 ). This may have been attributable, in part, to combining the 3 distinct species. However, even if each species was represented equally (~4% of total larvae observed), they would comprise the third most abundant, with Pugettia spp. as second (5.1% of total larvae observed). At least 1 larval stage from the genus Pugettia was observed on almost every sampling date. Peak abundance occurred later with each subsequent larval stage of this species, indicating that a single cohort was being followed throughout the sampling season (Fig. 4) . Megalopae of O. gracilis and H. lyratus were collected from June 24 through August 22 in moderate numbers, and peaked on July 22 with 47 megalopae 100 m -3 collected on the surface at one site (Fig. 4) . C. bairdi zoeae were not distinguished, and megalopae were very rare; only 3 individuals were collected (August 22 and 29 and October 6).
Family Pinnotheridae
Abundance of Fabia subquadrata Stage I zoeae peaked on May 25 and then declined precipitously. Stage II to V zoeae were never collected at densities greater than 10 zoeae 100 m -3
. Megalopae were collected from July 29 until October 4, but never in great numbers (16 total over the entire sampling period) (Fig. 5) . A total of 100 zoeae of Pinnixa spp. were collected throughout the sampling period (Table 1) , 70% of which were Stage I zoeae. Stage IV and V zoeae and megalopae were not collected.
Family Atelecyclidae
Stage I to IV zoeae of Telmessus cheiragonus peaked in abundance on May 11, indicating that hatching had occurred considerably earlier than the onset of sampling (Fig. 5 ). Megalopae were collected continuously in low numbers (< 6 megalopae 100 m -3 ) from May 13 to June 24.
Family Xanthidae
Lophopanopeus bellus larvae were collected at low densities throughout the study (Table 1) . Stage I zoeae were collected during every sampling event from May 31 through August 22, and Stage II and III zoeae were collected occasionally throughout August. Megalopae were observed on May 25 and again in September and October. The occurrence of megalopae on 2 separate dates indicates that this species released 2 broods spaced seasonally in the spring and fall, which has also been documented in Puget Sound (O'Clair & O'Clair 1998).
Larval duration
Larval duration was estimated for the most abundant species and is summarized in Table 2 . For most species, first stage larvae (Stage I zoeae) were already present in the plankton at the onset of sampling; therefore, the pelagic phase was not sampled in its entirety. Thus, estimates of larval duration underestimate the actual time it takes for development from hatching to settlement in this region. However, the rapid increase in zoeal abundance following the onset of sampling indicates that sampling was close to the initial release of larvae. The low densities of Cancer gracilis and Lophopanopeus bellus zoeae and Chionoecetes bairdi megalopae precluded an accurate estimate of larval duration for those species. Cancer magister, C. oregonensis, Fabia subquadrata, and Pugettia spp. had the longest larval durations, spanning the entire length of the study (approximately 119 to 154 d).
DISCUSSION
During May, zoeal abundance of Cancer magister increased by 63% relative to the first sampling date, Fabia subquadrata by 69%, Pugettia spp. by 73%, Majidae by 77% and C. oregonensis by 92%. This first peak of Stage I zoeae is approximately 3 to 4 mo later than the times reported by Lough (1976) for C. magister, C. oregonensis, and F. subquadrata in central Oregon. However, the timing of C. magister and Chionoecetes bairdi is comparable to that in studies conducted in Canada and the Bering Sea (Incze et al. 1987) (Table 2) .
Larval release is generally triggered by physical and/or biological cues such as tidal fluctuations and light/dark regimes (see Morgan 1995 for review), temperature increases (Shirley & Shirley 1989) , phytoplankton blooms (Starr et al. 1990 ), or a combination of any of the above. In high latitude regions, crabs are subjected to dramatic seasonal fluctuations and environmental forces. In Glacier Bay, tidal changes are great (~4 m daily, on average), and seasonal variations in temperature, salinity and light/dark regimes are dramatic. The larvae of most brachyuran species observed in Glacier Bay exhibited a highly seasonal pattern of abundance, which when first observed coincided with the onset of oceanographic conditions favorable to survival (increasing water temperature and abundant food supply). Zoeal abundance increased dramatically in May, concurrent with an increase in water temperature of almost 2°C (from 4.4°C in March to 6.2°C in May) and the seasonal peak in chlorophyll a values (Fig. 2) . If larvae were released in Glacier Bay prior to May, the water temperature would have been approximately 5°C. From model simulations based on known temperature tolerances of Cancer magister by Moloney et al. (1994) , 100% larval mortality would occur at 5.1°C. Further, their models predicted that larvae would have the highest rates of survival to metamorphosis when they were released during periods of rising temperature and when temperatures were warmest (15°C).
While it is important that larvae are released during times of favorable water temperatures and abundant food resources, release time may also be a function of embryo development time. Shirley & Shirley (1989) found that the embryo hatch time of Paralithodes camtschaticus was not correlated with the phytoplankton bloom in SE Alaska, but was instead dependent on embryo development time. The delayed hatching time of brachyuran larvae in Glacier Bay relative to many of the same species from field studies at lower latitudes (Lough 1976 , Reilly 1983 ) may in part be explained by prolonged embryo development time. From laboratory studies, Shirley et al. (1987) found that the duration of 219 Cancer magister embryo incubation was inversely proportional to water temperature. Indeed, during a year of cooler sea surface temperatures (10.6°C), Reilly (1983) observed Stage I zoeae of C. magister in the plankton almost 1 mo later than during years of warmer temperatures (12.8 to 13.1°C). In Glacier Bay, C. magister adults extrude eggs in September through November (Swiney & Shirley 2001) , which is identical to the reported extrusion period in California (Wild 1983) . At 5°C and ambient temperatures of 12°C off Central California, embryo developmental time in the laboratory, from extrusion to hatch, was estimated at 160 d (Shirley et al. 1987 ) and 80 d (Wild 1983) , respectively. With an average water temperature over this period in Glacier Bay of approximately 5°C (Fig. 2) , the estimated earliest hatching period would occur in March through May. This estimate coincides with the timeframe when hatching did occur in 2002 (May to August), and most likely explains the delayed larval release time compared to release times at lower latitudes (December to January in central California), at least for C. magister. The prolonged hatching period observed for some species indicates that there was no single bay-wide event that the adults tracked (e.g. temperature or chlorophyll) to release larvae. Long release times could either be sustained by high phytoplankton abundance, be the result of delayed development due to cool water temperatures during embryo incubation time, or be a strategy to ensure larval release during favorable oceanographic conditions for survival. Shirley et al. (1987) found that larval hatching duration was inversely proportional to water temperature. In his study, female Cancer magister reared at 5°C released larvae over a 25 d period. However, during the present study, Stage I zoeae of C. magister were observed in the plankton for 146 d, indicating that factors other than water temperature were probably influencing larval hatching. Extended larval release time by the population could also be the result of multiple cohorts being released in a season, or the continual release of larvae. Once their embryos are developed, crabs may release larvae as long as temperatures permit larval survivorship. However, at some point it becomes disadvantageous to release larvae. Stage I C. magister zoeae released in August during this study would be estimated to settle in January when primary productivity, and thus food resources, are at their lowest, and water temperatures are approximately 5°C. At this time of year, larval mortality would likely be 100% due to temperature effects alone (Moloney et al. 1994) . Thus, larvae released this late would probably face very low survivorship to metamorphosis because of minimal food and critically low water temperatures.
For all species, the larval durations reported here are longer than those reported by Lough (1974) . The larval duration of Cancer magister (Table 2) is longer than the durations reported for the outer coast of California to Washington, and comparable to durations of C. magister in the inside waters of Washington (Jamieson & Phillips 1993) . Environmental factors (e.g. temperature) have been suggested as determinants influencing larval duration times (Pechenik 1987) . Overall, shorter larval durations minimize the time that larvae are susceptible to predation in the plankton. Temperature (Sulkin & McKeen 1994) and increased food availability (Paulay et al. 1985) are inversely related to larval development time due to rapid growth under optimal conditions (abundant food and warm water). Therefore, the prolonged larval durations observed during this study, compared to field studies in lower latitudes, may be attributed to the cooler water temperatures experienced. Moloney et al. (1994) predicted that at 6.1°C, the larval duration (from hatch to settlement) of C. magister would be 260 d. Therefore, at an average temperature of 6.8°C from April 26 to October 17 (averaged over the entire water column [n = 5 sampling periods, SE 0.05°C] at an oceanographic sampling station near the study area, USGS data Glacier Bay Field Station), the estimated larval duration of 154 d for C. magister was much shorter than that predicted by Moloney et al. (1994) , but comparable to observations by Jamieson & Philips (1993) of C. magister larval durations in the inside waters of British Columbia. This apparent contradiction might be explained by high primary productivity in Glacier Bay, although it appears that food abundance alone did not compensate enough to reduce the larval duration time relative to that at lower latitudes.
To ensure viable offspring, it is imperative that adults couple larval hatching rhythms with times of favorable environmental conditions (Giese & Pearse 1974) . This could be especially problematic at high latitudes, where the window of favorable water temperatures and abundant food resources can be narrow. Further, decreased temperatures significantly increase larval duration (Shirley et al. 1987 , Moloney et al. 1994 , Sulkin & McKeen 1994 ) which can increase vulnerability to mortality from predation. For a family such as the Cancridae, which has the longest known larval development time of all the brachyurans (Hines 1986 ), delayed larval hatching could mean the failure of an entire cohort. In contrast, premature larval hatching could have a large impact on overall survival to metamorphosis if larvae are released during unfavorable oceanographic conditions (cooler water temperatures and decreased food sources). In Glacier Bay, it is likely that multiple factors play a role in determining the timing and duration of larval release and overall larval development time. There appears to be a temperature threshold encompassing embryo development time that is coincident with favorable oceanographic conditions for larval release and subsequent development. Once this threshold is exceeded, it appears that release occurs until all larvae are released or until conditions become unfavorable for release. This window is short, and occurs during the summer months when water temperatures are at their maximum, and it is later than that for similar species at lower latitudes.
